We isolated two new manatee papillomavirus (PV) types, TmPV3 and TmPV4, from a Florida manatee (Trichechus manatus latirostris). Two PV types were previously isolated from this species. TmPV1 is widely dispersed amongst manatees and a close-to-root PV; not much is known about TmPV2. The genomes of TmPV3 and TmPV4 were 7622 and 7771 bp in size, respectively. Both PVs had a genomic organization characteristic of all PVs, with one non-coding region and seven ORFs, including the E7 ORF that is absent in other cetacean PVs. Although these PVs were isolated from separate genital lesions of the same manatee, an enlarged E2/E4 ORF was found only in the TmPV4 genome. The full genome and L1 sequence similarities between TmPV3 and TmPV4 were 63.2 and 70.3 %, respectively. These genomes shared only 49.1 and 50.2 % similarity with TmPV1. The pairwise alignment of L1 nucleotide sequences indicated that the two new PVs nested in a monophyletic group of the genus Rhopapillomavirus, together with the cutaneotropic TmPV1 and TmPV2.
INTRODUCTION
Papillomaviruses (PVs) are non-enveloped DNA viruses that cause neoplasms. PVs are ubiquitous in humans and animals, including sea mammals. Cutaneous papillomatous lesions have been described in several members of the order Cetacea (Bossart et al., 1996 (Bossart et al., , 2005 , and genital papillomatosis has been reported in the sperm whale, Blainville's beaked whale, killer whale, Atlantic white-sided dolphin, long-beaked common dolphin, dusky dolphin, Burmeister's porpoise and bottlenose dolphin (Bossart et al., 2005 (Bossart et al., , 2008 Lambertsen et al., 1987; Rector et al., 2008; Rehtanz et al., 2012; Van Bressem et al., 2007) . Although cutaneous papillomatosis has been described in many orders of placental mammals, cetaceans are the only non-primate mammals in which genital PV infection has been confirmed (Rector et al., 2008) .
The first manatee PV (TmPV1) was isolated from cutaneous papillomas of captive Florida manatees (Trichechus manatus latirostris) (Bossart et al., 2002; Rector et al., 2004) , one of the most threatened cetacean species in US waters (US Fish and Wildlife Service, 2002) . The lesions appeared as multiple, pedunculated, cutaneous papillomas over the dorsal surface of the manatees. A seroepidemiologic study using TmPV1 virus-like particles as the test strain indicated that wild Florida manatees can be naturally infected with TmPV1, but rarely show cutaneous papillomatosis that may be caused by TmPV1 (Donà et al., 2011) . A second manatee PV, TmPV2, has also been reported and a full genomic sequence has been deposited in GenBank (accession number NC_016898), but no details of this isolation have yet been published.
Recently, we identified multiple sessile, genital papillomas from a Florida manatee that suffered from severe cold stress and blunt boat impact pulmonary trauma, and was diagnosed as positive for PV antigen (Ghim et al., 2014) . This was the first report of the identification of PVs from the genital region of manatees and this finding raises a
The GenBank/EMBL/DDBJ accession numbers for the genome sequences of TmPV3 and TmPV4 are KP205502 and KP205503.
Two supplementary tables and two supplementary figures are available with the online Supplementary Material. concern because of its potential transmission as a sexually transmitted disease. DNA analysis confirmed that manatee lesions collected at different time points were caused by two different and novel mucosotropic PVs. These two new PVs were isolated from the same anatomical site of a host within a 4 month interval. In the present study, we cloned and sequenced the whole genomes of these new PVs, and analysed their genetic and phylogenetic characteristics in relation to those of other PVs in order to better understand these new manatee PVs.
RESULTS

Cloning and sequencing of TmPV3 and TmPV4 genomes
Two TmPVs, the third and fourth known types, were identified from two genital lesions of a juvenile male Florida manatee that had experienced thoracic trauma during multiple housing transfers. These PVs were isolated from two sessile lesions (Tm1 and Tm3) on the preputial ostium of this manatee in September 2011 and January 2012, respectively. Initially, short sequences of *370 bp from the E1 gene suggested the presence of two different and novel PV types. The presence of two different PVs was confirmed by the distinct restriction enzyme digestion patterns from the amplified, short circular DNAs of *8 kb (Ghim et al., 2014) . Full sequences from the L1 gene of these PVs were cloned and compared with other sequences using the BLASTN program, and were classified as new PV types (GenBank accession numbers KF574428.1 and KF574429.1).
In the present study, we amplified *7.7 kb, full-length PV genomes from tissue DNA extracted and then amplified by rolling circle amplification (RCA); the genomic DNA was then cloned into a pUC19 plasmid. According to our multiple restriction enzyme digestion analysis, the Xba I and Sal I restriction enzyme sites were unique to the Tm1 and Tm3 PVs, respectively. The Sal I-digested genomic DNA from Tm3 was cloned easily and its complete sequence was also obtained easily (Fig. 1) . As the full genome sequence of the PV from tissue sample Tm3 was available first, we designated it as TmPV3. Later, the PV from tissue sample Tm1 was designated TmPV4, even though Tm1 was collected 4 months earlier than Tm3. DNA from the Tm1 PV was difficult to clone. After multiple attempts using Xba I as well as HindIII, only a truncated *4.2 kb DNA was cloned at the Xba I site (fragment A in Fig. 1 ). This fragment contained full L1 and L2 genes, and a partial E2 gene. However, the E2 sequence from this DNA fragment could not be completed for unknown reasons. The non-coding region (NCR) and most of the early region genes, comprising ORFs E6, E7, E1 and part of E2, were also missing in this 4.2 kb fragment or could not be sequenced. These regions were amplified directly as two separate fragments from the tissue DNA extract by PCR using primer sets (primers sets 2 and 3; Fig. 1 ) specific to the sequenced area (4.2 kb clone and 370 bp in E1) of TmPV4 and cloned into a pCR-XL TOPO vector as two separate clones (fragments B and C, 2.6 and 1.6 kb, respectively, in Fig. 1 ). Due to aberrant sequencing data obtained, the entire E2 ORF (fragment D in Fig. 1 ) was amplified separately using primer set 4 ( Fig. 1 ) and cloned for a Power Read sequencing analysis, to read templates with GC-rich content or complex secondary structures. The complete genomic sequence was then assembled for TmPV4 only after analysing the sequencing data obtained by the transposon-mediated, primer walking and Powered Read sequencing methods. The genomic sequences of TmPV3 and TmPV4 are currently available in GenBank (accession numbers KP205502 and KP205503, respectively).
General analysis of TmPV3 and TmPV4 genomes
The TmPV3 and TmPV4 genomes were 7622 and 7771 bp in size with 45.1 % and 48.1 % GC content, respectively. The genomic organization of both TmPV3 and TmPV4 was similar to those of all other PVs, having seven putative coding regions for five early (E1, E2, E4, E6 and E7) proteins and two late capsid proteins (L1 and L2) (Fig. 1) . By protein database (BLASTX) search and comparative alignment (MegAlign; DNASTAR), we identified six ORFs, including E1, E2, E6, E7, L1 and L2 (Table 1) , and the E4 putative coding region without a start codon located in the E2 ORFs of both TmPV3 and TmPV4. No E5s were detected in these TmPVs. The translated amino acid sequences of the possible E4 coding regions of these two PVs were proline-rich, as is typical of PVs. However, when compared using BLASTP or TBLASTN, the E4s showed low similarity to other PVs, except that 60-68 aa of N-terminal sequences had 35 and 36 % similarities to human PVs HPV23 and HPV22, respectively. In particular, both TmPV3 and TmPV4 had smaller E6s (417 and 519 bp) but larger E2s (1362 and 1566 bp) than other cetacean PVs. The NCRs of TmPV3 and TmPV4 were 659 and 517 bp, respectively, and were located between the L1 and E6 genes.
The TmPV4 E2 gene was 1566 bp in size, larger than the 0.9 21.2 kb of other PV E2s, and bore a larger E4 gene (954 bp) with higher GC content (59.64 %). An extremely GC-rich domain (70 %) was identified in a span of 247 bp of the E2/E4 overlap region, with repetitive GGA nucleotides over 54 bp that corresponded to a glycine-rich sequence (GGGGGRGGRGGGRGGRGG) in E2 and a glutamate-rich sequence (EEEEDEEDEEEDEEDEE) in E4. The TmPV4 E4 gene was quite different from E4s of all other PVs. In addition, a DNA sequence survey matched two small portions of TmPV4 E4 with the nucleopolyhedrovirus capsid protein P87 and a rabbit transcription factor 7 (Oryctolagus cuniculus). The 18 aa glycine repeat domain also showed a perfect match with a part (the glycine repeat sequence) of the ATP-dependent RNA helicase ded1 of Rhizoctonia solani 123E. This GGA-rich E2/E4 sequence in TmPV4 seems to be unique amongst PVs; no such sequence has been identified for other PVs so far.
Putative binding sites
Like other PVs, the putative binding sites for regulatory proteins, cellular enzymes and transcription factors were profiled in the genome sequences of both TmPV3 and TmPV4 (Rector et al., 2004 (Rector et al., , 2008 Zheng & Baker, 2006) . TmPV3 contained seven palindromic E2 protein binding sites (pE2BSs; ACCN 6 GGT). Five typical sites were located in the NCR, and two were in the E1 and E2 ORFs. Single E2 protein binding sites were also found in E1, E2, L1 and L2. TmPV4 had nine palindromic binding sites in E2; in addition, three pE2 binding sites were present in the NCR, two in E6, two in L2, and two in E1 and E2. TmPV3 had a TATA box at nt 625 of NCR, but no TATA box was identified in the NCR sequence of TmPV4. As NCR usually contains the majority of the regulatory elements (Howley & Lowy, 2007; Zheng & Baker, 2006) , putative binding sites for transcription factors were found across the NCRs of both PVs (Table S1 , available in the online Supplementary Material). In the TmPV4 NCR, notable binding sites included those for transcription factors PEA3, SP1, OCT1, AP4, NFk B and GATA1. Similar DNA-binding motifs were also identified in the NCR of TmPV3. In addition, the E6 gene of TmPV3 possessed a zinc finger domain (C-x8-C-x5-C-x3-H), along with one p53, two SP1, two PEA3, one GATA1, one E2F and one NFk B binding site. E7 contained a zinc finger transcription factor (Zicl) binding site, as well as two SP1, one AP4, one OCT1 and one p300 binding site (Table S2) . A putative LXCXE pRb binding motif was found in the E7s of both TmPV3 and TmPV4. The E2 protein of TmPV4 contained an ATP binding site (GPPTGKS), whilst E2 of TmPV3 had a slightly modified (GPPNCGKT) putative binding site. Putative phosphorylation sites (RXXS) were found in the glycine-rich sequence of TmPV4 E2. The transcription factor binding sites and their corresponding locations in the PV ORFs are summarized in Table S2 . The L1 and L2 genes of both PVs had putative nuclear localization signals at their C termini. These signals were KRKRK and KRKRKR for TmPV3, and KRRRK and RRKRKR for TmPV4.
Similarity and phylogenetic analysis of TmPV3 and TmPV4
L1 DNA sequences, highly conserved amongst PVs, were used to reconstruct a phylogenetic tree (Bernard et al., 2010) . TmPV3 and TmPV4 showed v61 % similarity with the L1s of TmPV1 and TmPV2 or even less with other PVs, allowing TmPV3 and TmPV4 to be defined as new PV types and classified in different PV genera (Ghim et al., 2014) . Due to the low similarities of the two new PVs, BLASTN could not match sequences of these viruses with those of any other PVs in the database. Therefore, the MegAlign program was used for a pairwise sequence analysis of representative PVs, including all cetacean PVs (Table 1 and 2). Although TmPV3 and TmPV4 were isolated from the same host, they shared only 63.2 % similarity in their full genomes. Their genome similarities with TmPV1 and TmPV2 were v51 %, and with the other 13 cetacean PVs, these similarities were v47 % (Table 3) .
A phylogenetic analysis of all putative ORFs from the selected PV types revealed L1s and E1s to have the highest and second highest similarities, respectively, with all other ORFs from cetacean PVs showing very low similarities (38-49 %). The highest similarity (70.3 %) was between the L1s of TmPV3 and TmPV4, and the least similarity (38.2 %) was between the L2s of TmPV4 and dolphin PV type 1 (TtPV1) ( Table 2) . As E7 does not exist in other cetacean PVs, the E7s of TmPV3 and TmPV4 were compared with those of TmPV1 and TmPV2 and HPV18, but the similarities were low. To extend our analysis, neighbour-joining and maximum-likelihood phylogenetic trees that included these two new TmPVs were reconstructed: one based on L1 nucleotide sequences of the 16 cetacean PVs and two human PVs (HPV16 and HPV18) (Fig. 2) , and the other including all animal PVs (Fig. S1) , respectively. The resulting trees showed their genetic distances with corresponding bootstrap values. According to both phylogenetic trees, TmPV3 and TmPV4 were classified into the genus Rhopapillomavirus, together with TmPV1 and TmPV2. The current International Committee on Taxonomy of Viruses (ICTV) proposal suggests TmPV3 and TmPV4 to be classified into species 2 of the Rhopapillomavirus genus (Burk et al., 2015) .
DISCUSSION
To date, the complete genomic sequences of w240 distinct PV types have been characterized (Van Doorslaer, 2013). E5a and 5b present *Similarities between whole-genome and L1 DNA sequences were evaluated by using MegAlign.
Although PVs are ubiquitous and are known to infect sea mammals, studies on PV infections in sea mammals are limited. Currently, a total of 17 genomic sequences of cetacean PVs, including TmPV3 and TmPV4, are available in GenBank (Table 3) . With the recognition of sexually transmitted PVs that cause genital diseases in animals (Dejucq & Jégou, 2001; Lockhart et al., 1996) , there is speculation of an indirect impact of these viruses on the respective animal populations due to decreased copulation (Van Bressem et al., 2009) . The concern for the impact of PVs is particularly high for endangered species.
Previously, we isolated TmPV1 from the skin warts of Florida manatees housed in Homosassa Spring, Florida (Rector et al., 2004) . TmPV1 caused a cutaneous-type lesion and did not seem life threatening. TmPV1 is the only known cutaneotrophic cetacean PV. No information has yet been published for TmPV2, the other PV found in manatees. All other cetacean PVs were isolated from genital lesions and classified as mucosotropic PVs (Gottschling et al., 2011; Rector et al., 2008; Rehtanz et al., 2012; Robles-Sikisaka et al., 2012; Van Bressem et al., 2007) . TmPV3 and TmPV4 were isolated from genital lesions and classified as mucosotropic PVs (Ghim et al., 2014) . Despite different tissue tropisms, these four TmPVs were found to be more genetically distinct from other cetacean PVs than they were from each other, as shown in the phylogenetic tree (Fig. 2) .
The absence of E7 ORFs in all known cetacean PVs except for TmPVs has been described previously (Gottschling et al., 2011 ; Robles-Sikisaka et al., 2012). These cetacean PVs maintain rather large E6 ORFs (Robles-Sikisaka et al., 2012) . In contrast, all four TmPVs, TmPV1-4, have putative E7 ORFs. This seems to be one of the distinctive features of manatee PVs, the TmPVs, when they are grouped amongst the cetacean PVs.
TmPV3 and TmPV4 were isolated from the same anatomical site of a manatee that was serologically negative for TmPV1 (Ghim et al., 2014) . Although these two mucosotropic PVs showed greater genomic similarity with each other than with other cetacean PVs, they differed from one another, particularly in their E2/E4 genes. The genomic DNA from TmPV4 included a longer E2/E4 gene. The TmPV4 E2 and E4 overlap area, which encodes a glycineor glutamate-rich peptide, was characterized by a uniquely high GC content. This high GC content was suspected to be the reason for the difficulty in cloning the TmPV4 genome and our sequencing-stop problem. Not only did this unique E2 DNA sequence show little similarity with other PV sequences, it also encoded a polypeptide showing non-PV-like characteristics. Although the nucleopolyhedrovirus capsid protein P87 gene and rabbit transcription factor 7 were determined to be similar to this particular E2, no strong evidence to support E2 recombination was found within these sequences.
All PVs are known to have similar genomic organization, but PVs isolated from sea mammals are relatively distinct from other PVs. In the case of TmPV4, genomic modification is more evident in the E4 gene, and frequent recombination events at the areas where various spliced (E1^E4, E6^E4 and E2^E4) or proteolytic cleavage forms are (Table 3) . A neighbour-joining phylogenetic tree was reconstructed based on L1 gene alignment of 18 PVs, which included all known cetacean PVs, HPV16 and HPV18. Bootstrap numbers .50 % are indicated on branches. TmPV3 and TmPV4 cluster under the genus Rhopapillomavirus (highlighted in bold). NA, Means no bootstrap value is available. generated (Doorbar, 2013) may be the reason. This unusually high GC-rich region in E2/E4 and its similarity to only non-PV sequences could further suggest that recombination has occurred. Previously, it was suggested that recombination and various selection pressures might have contributed to the diversity in the genes of cetacean PVs (Gottschling et al., 2011; Robles-Sikisaka et al., 2012) .
The PV E2 proteins are well documented to function as regulators of viral transcription and replication (McBride, 2013) . E2 contains three structural and functional domains (transactivation, hinge and DNA-binding dimerization domains) and the hinge bridges two functional domains (Hegde, 2002) . Most hinges are rich in proline, serine, threonine, glycine, and arginine residues, but beta-PVs have been shown to contain a glycine-rich hinge (Gauthier et al., 1991) . As glycine-rich repeats are present on the E2 hinge of TmPV4, it is suggested that the E2 domain of TmPV4, like that of beta-PVs, functions in transcription, intracellular localization, chromatin binding and maintaining protein stability. Accordingly, we found conserved RXXS motives in the repeats as CK2 phosphorylation targets that are associated with the regulation of these functions (Schuck & Stenlund, 2006) . The potential function of the glycine-rich repeats of TmPV4 E2 can also be predicted from the EBNA-1 nuclear antigen protein of Epstein-Barr virus, which enhances the risk of autoimmune diseases by alteration of host immune response (Cuomo et al., 2015) . This multifunctional nuclear antigen contains arginine/glycine (RGG) repeats and plays a critical role in both replication and maintenance of Epstein-Barr virus (Capone et al., 2013) . A functional study of E2 is being conducted to elucidate the role of the glycine-rich repeat of TmPV4.
Once a new PV is isolated from its host, the L1 sequence, which is the most conserved gene within the genome, is analysed first to distinguish it from other PVs of the same host and is used to determine its genotype (de Villiers et al., 2004) . Without any doubt, TmPV3 and TmPV4 were novel PVs, differing in w30 % of their nucleotide sequences from all other PVs. Simultaneously, the conserved L1 gene has been used to group PVs together and, according to the current classification scheme, PV types with w60 % similarity in L1 should be included in the same genus (Bernard et al., 2010) . Based on this criterion, TmPV3 belongs in the same genus as TmPV1 (60.2 %) and TmPV4 (70.3 %), but in a genus distinct from TmPV2, with slightly less than 60 % (57.7 %) similarity. However, TmPV1 grouped closely with TmPV2, with 67.1 % similarity. As we could not satisfy the L1 similarity criterion, maximum-likelihood phylogenetic analysis was used to determine the genus. By pairwise alignment of L1 sequences, all TmPVs were allocated to the genus Rhopapillomavirus. Following additional analysis using the ICTV proposal, TmPV3 and TmPV4 were reallocated to a putative subgenus, Rhopapillomavirus 2, and TmPV1 and TmPV2 were allocated to genus Rhopapillomavirus 1 (Fig. 2) .
Comparison of the full genome sequences of TmPV3 and TmPV4 with those of other PVs showed low similarities (v53 %). A phylogenetic tree was also reconstructed using the genome sequences of PVs (Fig. S2) , but it could not be used to confirm the L1-based PV classification because of differences in the size and organization of many PV genomes. Although TmPV3 and TmPV4 are mucosotropic genital PVs and TmPV1 is a cutaneous PV, in the L1-based PV classification, these viruses grouped with PVs of the same host species rather than with genital PVs of other species. This host specificity is also frequently observed with other PVs (Bernard et al., 2010) . Previously, we determined that manatee PVs are one of the close-toroot PVs, suggesting that they coevolved with manatees for millions of years (Rector et al., 2004) .
In conclusion, novel PVs, TmPV3 and TmPV4, were identified from genital lesions of a manatee that had experienced physical injury and environmental stress. These two mucosal manatee PVs were classified into a putative novel genus, Rhopapillomavirus 2. These two TmPVs represent a potential risk for transmission through sexually transmitted diseases. Seroepidemiological studies on these four TmPVs and the preparation of preventive vaccines against them will help in managing Florida manatees, one of the most threatened marine species in US waters.
METHODS
Extraction of DNA. Small portions of frozen biopsies were cut finely and digested overnight at 55 uC in proteinase K digestion buffer for a final concentration of 100 mg ml 21 , followed by inactivation of proteinase K at 95 uC for 10 min as described previously (Ghim et al., 2014) . The samples were stored at 220 uC until analysis.
Genomic DNA amplification and cloning. An RCA protocol was used to determine the presence of circular PV DNA and was performed using a TempliPhi 100 Amplification kit (GE Healthcare BioSciences) as described previously (Joh et al., 2011; Rector et al., 2004) . Aliquots of 1 ml amplified DNA were incubated with restriction enzymes (Xba I and Sal I) and loaded on 0.8 % agarose gel. The presence of a full-length PV DNA band (*7.8 kb) was examined and the corresponding result was presented previously (Ghim et al., 2014) . To clone full-length TmPV3 and TmPV4, 1 mg RCA products was digested with the unique restriction enzymes Sal I or Xba I. Digested fragments were purified using a QIAquick Gel Extraction kit (Qiagen) and cloned into a pUC19 vector using standard molecular biological techniques. The resultant clones were first sequenced with the M13 primer set to confirm the presence of PV DNA. Full-length genomic DNA sequences of TmPV3 and TmPV4 were obtained using an EZ-TN5-KAN-2 Insertion kit (Epicentre Biotechnologies) as described previously (Joh et al., 2009) , and were sent for sequencing to the Nucleic Acids Core Facility, University of Louisville with the supplied primers (KAN-2 FP1 and RP1).
PCR cloning and sequencing of TmPV4. In order to obtain the complete genomic DNA sequence for TmPV4, three additional PCRamplified DNA fragments were cloned to amplify NCR, E6, E7, E1 and E2 of TmPV4, which were missing from the initial 4.2 kb cloned fragment.
First, a small fragment of E1 was amplified with degenerate primers (AR-E1F2: ATGGTNCAGTGGGCNTATGA; AR-E1R3: TTNCCWSTATTNGGNGGNCC; primer set 1 in Fig. 1 ) using conditions employed previously (Ghim et al., 2014; Rector et al., 2004) . PCR was carried out using a 20 ml reaction mixture, containing 20 mM each dNTP, 0.75 mM forward and reverse primers, 1 U high-fidelity Taq DNA polymerase (Invitrogen), 2.5 mM MgCl 2 (pH 8.5) and 100 ng genomic DNA of the manatee sample as the template. PCR conditions were 1 min of denaturation at 94 uC; 45 cycles of 45 s at 94 uC, 45 s at 45 uC and 1 min 40 s at 68 uC; and a final elongation step of 10 min at 68 uC. The PCR products were used for direct sequencing.
Based on the sequence data from the 4.2 kb DNA clone and small E1 fragment, primer pairs were designed and used (set 2: AGCCTGA-CCCTGACCCTTAT and TACCGTGCTTGTGATGCACT; set 3: CGT-GCTGAGATGCAACAAAT and CTGCTAATGAGTCCAACACC; set 4: TAAAGGCACAGATTATGC and TAGGTCGGGGAACTCCTTCT) to amplify missing DNA sequences from the initial DNA clone (Fig. 1) . PCR conditions were the same as described earlier, except that the extension times were changed based on the expected sizes of PCR products. The DNA fragments that were generated were cloned into the pCR-XL TOPO vector (Invitrogen) and complete nucleotide sequence was determined. To sequence the GC-rich area of TmPV4, the DNA fragment was power sequenced by Eurofin Genomics. Sequencing of all other regions was conducted by the Nucleic Acids Core Facility, University of Louisville.
Genome analysis and search for binding sites. Genomic DNAs from the two PVs were aligned in the SeqMan Pro program (Lasergene 12; DNASTAR) with other available PV genomic DNA sequences. The ORFs of the TmPV3 and TmPV4 genomes were analysed in EditSeq, and the molecular masses of the putative encoded proteins were calculated using the MapDraw program (DNASTAR). Amino acid sequences of these putative proteins were then used to search for any possible binding domains reported for other PVs. Transcription factor binding sites were predicted by the Cister (Ciselement Cluster Finder), TFSearch (searching Transcription Factor Binding Sites, Japan) and GeneQuest (DNASTAR) programs (Schulz et al., 2012) .
Similarity analysis and reconstruction of the phylogenetic tree.
Both the entire genome and the L1 sequences of TmPV3 and TmPV4 were compared against available sequences using BLAST (version 2.2.8; http://blast.ncbi.nlm.nih.gov/Blast.cgi). Nucleotide and amino acid sequences from other PVs were obtained from the GenBank database; to determine similarities, these sequences were aligned using CLUSTAL W (a multiple sequence alignment method) in the MegAlign program (DNASTAR). Phylogenetic trees presented in Figs 2 and S2 were generated using L1 and genomic sequences (Bernard et al., 2010) , and bootstrap support values were calculated from 1000 replicates. Alternatively, L1 sequences from all known PVs presented in the phylogenetic tree (Fig. S1) were downloaded from PaVE (http://pave. niaid.nih.gov/). The nucleotide sequences were translated into amino acids and aligned using MAFFT (Katoh & Standley, 2013; Katoh et al., 2002) . The resulting alignment was back-translated to nucleotides. This alignment was used to reconstruct a maximum-likelihood phylogenetic tree using RaxML version 8 (Stamatakis, 2014) as implemented on the Cipres scientific computing cluster (Miller et al., 2010) . The GTRGAMMA model of site evolution was used. The rapid bootstrapping algorithm was utilized whilst implementing the auto-MRE convergence criterion. In order to identify the putative novel genus of TmPVs, the official ICTV PV nomenclature (Fauquet & Fargette, 2005) and that used by the scientific community (de Villiers et al., 2004) were used.
